Abstract. Malignant cancer is one of the most serious diseases threatening the health of human beings. Natural plant alkaloids exhibit multiple biological functions, including inhibition of cell proliferation, and may have potential anticancer activity. However, most natural alkaloids may not be suitable for human therapies owing to instability, poor dissolubility and potential side effects. To improve their anticancer activity and drug effect, the present study aimed to develop new alkaloid derivatives, the phenanthroindolizidine alkaloid compounds, and evaluated their potential antitumor effects on human cancer cells in vitro. Among the several newly synthesized analogues of phenanthroindolizidine alkaloids (PAs), the compounds YS306 and YS206 exhibited an increased growth inhibition activity on HepG2 liver cancer cells and on HCT116 and HT29 colon cancer cells, with half-maximal inhibitory concentrations in the micromolar range. YS206 and YS306 (5 µg/ml) both significantly induced cell cycle arrest at the G2/M phase and notably decreased cell distribution at the G0/G1 and S phase. In addition, these two molecules significantly inhibited cancer cell migration, as analyzed by the wound-healing and Transwell assays. However, neither YS306 nor YS206 exhibited observable effects on apoptosis. Therefore, chemical structure modifications of natural PAs based on anticancer activity assessments may be feasible in the development of new cancer chemotherapeutic agents.
Introduction
Cancer is one of the most serious diseases in the worldwide. Based on the latest data from the International Agency for Research on Cancer-World Health Organization GLOBOCAN Project 2012, there were ~14.1 million cancer cases and 8.2 million cancer-related mortalities in 2012 (1) . Data from the National Cancer Center Registry of China indicated that there were ~4,292,000 new cancer cases and ~2,814,000 cancer-related deaths in China in 2015 (2) . A number of small chemical molecules have been reported to target cancer cell growth and cell signaling and exhibit good inhibition of tumor activity, which may potentially be further developed to antitumor drugs (3) .
Alkaloids are a type of alkaline organic compounds that contain nitrogen and mostly occur in plants. Most alkaloids have complex circular structures with heterocyclic nitrogen, including indole, pyridine, quinoline and purine (4) . Phenanthroindolizidine alkaloids (PAs) have been isolated from various natural plants, mainly from genera in the Asclepiadoideae family, such as Tylophora, Vincetoxicum, Pergularia and Cynanchum (5) . Alkaloids have certain biological functions, including cytotoxicity, antibacterial and antiviral, and effect biochemical processes in plant and animal cells (6, 7) . The biological function of PAs primarily includes the mutagenicity, cytotoxicity and cell biochemical processes. A previous report indicated that the drawbacks of PAs include a low water solubility and central nervous toxicity. Antofine, a representative PA, has been used as a cytotoxicity agent that has low IC 50 values in the nanomolar range in multidrug-resistant and drug-sensitive cancer cells (8) .
Alkaloids extracted from plants exhibit potential antitumor activity. However, most natural alkaloids are not useful for humans owing to their poor stability and dissolubility, and the potential adverse side effects. The present study aimed to develop new derivatives of PAs to improve their specific anticancer activities and cellular pharmaceutical effects on human cancer cells.
In vitro anticancer effects of two novel phenanthroindolizidine alkaloid compounds on human colon and liver cancer cells
Materials and methods
Chemical synthesis. The 12 different PA analogues were synthesized primarily based on previous reports (9) . The 12 PA analogues contain the same phenanthrene ring with different functional groups at different positions. Benzoic acid with different substituents were added in a certain proportion for reaction with benzaldehyde derivatives with different substituents, and finally 12 compounds were synthesized through a series of organic chemistry experiments, including aldol condensation, esterification, n-cyclohexylmaleimide of free radicals, reduction reaction and amination reaction. The chemical compounds were named S306, S307, S308, S206, S207, S208, S106b, XS1, XS2, XS4, XS5 and S108, and their respective hydrochloride forms were correspondingly named as YS306, YS307, YS308, YS206, YS207, YS208, YS106b, YXS1, YXS2, YXS4, YXS5 and YS108. Representative structures of two compounds, S206 and S306, are shown in Fig. 1 . The purity of all PAs used in cell experiments was up to 99%, as measured by high performance liquid chromatography. The anticancer drug paclitaxel (Nanjing Kangmanlin Chemical Co., Ltd., Nanjing, China) was used as a positive control when detecting the anticancer activities of PAs. All PA compounds and paclitaxelwere dissolved in 100% DMSO to make a stock solution, and the final concentration of DMSO was adjusted to <0.1% with Dulbecco's Modified Eagle's Medium (DMEM). All chemical compounds were firstly dissolved in 100% DMSO, and then were diluted to 5 mg/ml stock liquor with DMEM media. Finally, the stock liquor was further diluted to 0.5, 5 and 50 µg/ml with DMEM for subsequent in vitro tests. All the chemical solutions were stored at 4˚C, and operations were completed in a Class II biological safety cabinet (NuAire, Inc., Plymouth, MN, USA). The hydrochloride compounds had a higher solubility than their respective free auxin. Therefore, the following cellular experiments were performed using the hydrochloride compounds.
Cell culture. Human lung cancer A549 cells, liver cancer HepG2 cells and human colon cancer HT29 and HCT116 cells were purchased from American Type Culture Collection (Manassas, VA, USA), and normal human liver cell line LO2 was purchased from Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China) (10). Cells were maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in humidified atmosphere with 5% (v/v) CO 2 and 95% (v/v) air (10) .
MTT assay. Cell proliferation was measured by the MTT assay, which was performed to rapidly detect the growth-inhibitory effects of the chemical compounds on various human cancer cells in vitro. Exponentially growing cells along with 200 µl culture medium were seeded (8,000 cells/well) into a 96-well plate. Different concentrations of the PAs (1, 2, 5, 10, 20, 30, 40 and 50 µg/ml) dissolved in 100 µl medium was added to each well and the plates were incubated for 48 h; 100 µl culture medium with 0.01% DMSO was used as a blank control group. Following incubation, 10 µl MTT solution was added to each well and incubated for 4 h, and the absorbance at 570 nm was measured to calculate the average inhibition rate. Each concentration gradient of PAs was detected at least 3 times for each cell line. The average inhibition rate was calculated according to the ratio of the blank group vs. the test group. Double staining for apoptosis. A double staining assay (Apoptosis Detection kit; Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) was used, according to the manufacturer's protocol, to assess whether the detected compounds were able to induce cell apoptosis. Exponentially growing cells were seeded (3x10 5 cells/well) in a 6-well plate, which was incubated with different compounds for 24 h at 37˚C. Cells were collected, washed twice with phosphate buffered saline (PBS), and suspended in 500 µl binding buffer. Cells were stained and incubated with 5µl Annexin V-fluorescein isothiocyanate and 2 µl propidium iodide (PI) solution homogeneously for 5-15 min in the dark at room temperature. Cell suspensions were immediately measured by flow cytometry and Novoexpress version 1.0.2 software (ACEA Biosciences Inc., San Diego, CA, USA). All experiments for apoptosis were repeated 3 times.
Cell cycle analysis. Cell cycle was analyzed with the KeyGenDNA Content Quantitation Assay (Nanjing KeyGen Biotech Co., Ltd.), following the manufacturer's protocol. A total of 3x10 5 cells were seeded into a well of a 6-well plate and incubated with test chemicals or 0.01% DMSO as a negative control for 24 h. Following incubation, cells were collected, washed twice with PBS and 1x10 6 cells/ml were fixed with 500 µl 70% cold methanol at 4˚C overnight. Cells were then washed with PBS, 100 µl RNase solution was added and the plate was incubated at 37˚C for 30 min. Cells were stained with 400 µl PI at 4˚C in the dark for 30 min, and fluorescence intensity was analyzed by flow cytometry at 488 nm and using Novoexpress version 1.0.2 software (ACEA Biosciences Inc.). All experiments for cell cycle detection were repeated 3 times.
Wound-healing assay. To further assess the effects of chemical compounds on directional cell migration in vitro, a wound-healing assay was used as previously described (11) . Briefly, 3x10 5 cells were cultured in each well for a 6-well plate for 24 h at 37˚C and then a straight scratch was made using a pipette tip on the confluent cell monolayer. Fresh media was added to remove the floating cells, and the remaining cells were imaged immediately (at 0 h) using an inverted microscope and cellSens version 1.12 (model CKX31; Olympus Corporation, Tokyo, Japan). The media was removed and replaced with fresh media containing different test compounds, except for the control. Following 24 h incubation at 37˚C, images were captured and cell migration ability was calculated as a percentage of the area covered by cells at 24 h compared to the same wound area at 0 h. Experiments were repeated 3 times.
Transwell migration assay. Cell migration was examined by a Transwell chamber apparatus (Millipore; Merck KGaA, Darmstadt, Germany), as previously described (10) . Briefly, the lower chamber was filled with 800 µl DMEM containing 10% FBS. A total of 1x10 4 cells in 200 µl serum-free DMEM were seeded in the upper well and were respectively incubated with 1 µg/ml YS206 and YS306 for 24 h at 37˚C. As a negative control, 0.01% DMSO was used. Migrated cells were fixed with methanol and stained with 1% crystal violet. Images were captured using an inverted microscope and cellSens version 1.12 (model, CKX31; Olympus Corporation) and the migrated cells were counted manually. The number of migratory cells in the compound-treated groups was calculated as a percentage of the control, and experiments were repeated 3 times.
Results
PAs inhibit cancer cell proliferation. To quickly screen for inhibitory effects of PAs, cancer cells were incubated with the compound for 24 h the status of cell growth was observed. No inhibitory effect on cell growth was observed using 0.5 or 5 µg/ml PA for HepG2, HCT116 or HT29 cells (data not shown). When incubated with 50 µg/ml PAs, increased cell growth inhibition was noted for each of these three cancer cell lines. A total of 6 out of the 12 PA analogues analyzed, including YS206, YS207, YS208, YS306, YS307 and YS308, exhibited in vitro anticancer activity ( Fig. 2A) . From the primary experimental results, it was clear that 50 µg/ml PA compounds exhibited the most effective anticancer activity on HepG2, HCT116 and HT29 cells ( Fig. 2A) , whereas none of the tested chemicals exhibited anticancer effects on A549 cells.
Among the six PA compounds, YS206 and YS306 exhibited the most efficient growth inhibition effects on colon and liver cancer cells. Dose-response histograms for YS206 and YS306, at concentrations of between 1 and 50 µg/ml, on HepG2, HCT116 and HT29 cells suggested that their biological effects may be concentration dependent ( Fig. 2B and C) Fig. 2D ), the in vitro antitumor activity of YS206 and YS306 were slightly lower than paclitaxel. The compound YS206 appeared to exhibit a stronger growth inhibition against the colon cancer HCT116 and HT29 cells compared with YS306 on the same cells, whereas YS306 appeared to have a more effective inhibitory effect on HepG2 liver cancer cells.
The cytotoxicity of YS206 and YS306 was examined on LO2 normal liver cells and HepG2 cells. HepG2 cells appeared to be more sensitive to the treatment with 50 µg/ml YS206 and YS306 compared with LO2 cells (Fig. 3) . The cell proliferation rate was 72.76 and 50.68% for HepG2 cells incubated with YS206 and YS306, respectively, whereas LO2 cells exhibited ~80% proliferation rate when incubated with either compound (Fig. 3) . These results indicated that compounds YS206 and YS306, particularly YS306, may target liver cancer cells with lower cytotoxicity for normal liver cells.
Based on these primarily experiments with several cancer cell lines, the potential biological effects of YS206 were further examined on the colon cancer HCT116 and HT29 cells, and the effects of YS306 were further investigated on HepG2 liver cancer cells.
YS206 and YS306 induce cell cycle arrest at G2/M phase. To investigate whether compounds YS206 and YS306 inhibit cell proliferation by regulating cell cycle progression, changes to the cell cycle were detected following chemical treatment for 24 h by PI staining and flow cytometry analysis. YS206 and YS306 (5 µg/ml) both significantly induced cell cycle arrest at G2/M phase (P<0.01; Fig. 4) , and the distribution of cells in G0/G1 and S phases were notably decreased compared with the control cells. In the HepG2 cells treated with YS306 (5 µg/ml) the percentage of cells at G2-M increased to 45.98%, which was twice that of the control group (22.92%; Fig. 4A ). Compared with the untreated control, in which 42.37 and 34.28% of cells were at G0-G1 and S phase, respectively, HepG2 treated with YS306 had 31.23 and 22.39% of cells at the respective phases. However, no significant differences were identified when these cells were treated with 2 µg/ml YS306.
Both of the colon cancer cell lines treated with YS206 (5 µg/ml) exhibited a significantly increased number of cells arrested at the G2-M phase ( Fig. 4B and C) . The percentage of HCT116 cells treated with YS206 arrested at G2-M increased ~2.07-fold, from 30.52% in the untreated cells to 63.21% (Fig. 4B) . Additionally, the number of HCT116 cells at G0-G1 and S were respectively decreased from 43.40 and 28.83% in the control to 34.70 and 10.61% with 5 µg/ml YS206. Similar results were observed in HT29 cells incubated with 5 µg/ml YS206 (Fig. 4C) . However, no significant differences were identified in either HCT116 or HT29 cells treated with 2 µg/ml of YS306. YS306 and YS206 inhibit cell migration. The effects of YS306 and YS206 on cell migration were also examined. YS306 (1-2 µg/ml) significantly inhibited HepG2 cell migration Fig. 5 ) and YS206 (1-2 µg/ml) greatly reduced colon cancer migration in vitro (Figs. 6 and 7) . In the scratch wound-healing assay, the wound closure rate of HepG2 cells was notably decreased when treated with 1 µg/ml (26.2%) or 2 µg/ml (15.0%) compared with untreated control HepG2 cells (63.2%; P<0.001; Fig. 5A ). Similar reductions in migration ability were observed using the Transwell assay (Fig. 5B) , in which the number of migrating cells was reduced to 63.6 and 43.1% with 1 or 2 µg/ml YS306, respectively, compared with untreated control group (n=3; P<0.01; Fig. 5B ).
YS206 exhibited similar inhibitory effects on cell migration of HCT116 and HT29 cells. For HCT116 cells, the wound closure rate was about 27.5 and 16.9% with 1 or 2 µg/ml YS206 treatment, compared with 59.7% coverage in the control cells (Fig. 6A) . In the Transwell assay, compared with the untreated control group, cell migration was decreased to 64.7, 38.4% in response to 1, 2 µg/ml YS206 treatment (µg/ml) (n=3; P<0.001; Fig. 6B ). For HT29 cells, the wound closure rates were 30.2 and 15.6% when treated with 1 or 2 µg/ml YS206, compared with the 68.3% coverage in the untreated control (Fig. 7A) . Transwell assay analysis revealed that HT29 cells treated with 1 or 2 µg/ml YS206 exhibited 61.5 and 35.4% cell migration compared with cells in the untreated control group (n=3; P<0.001; Fig. 7B ).
YS306 and YS206 have no effects on cell apoptosis.
The effects of YS306 and YS206 on cell apoptosis were examined by Annexin V-FITC/PI staining and flow cytometry. HepG2 cells were incubated with 5 µg/ml YS306, and HCT116 and HT29 cells were incubated with 2 or 5 µg/ml YS206. Cancer cells were also incubated with 0.01% DMSO as a negative control. However, no significant differences in the levels of cell apoptosis were identified for any of the PA treatments (Fig. 8) . 
Discussion
Over the past ten years, there has been rapid development of organic synthesis technologies, and subsequently, an increasing number of alkaloids have been synthesized, which provides more choices for clinical therapy and experimental antitumor research (12) . These naturally occurring products and compound derivatives have exhibited great efficacy as antiviral, antibacterial and antitumor treatments (13) .
The anti-proliferation activity in different cancer cells is usually the first effect to be examined when evaluating potential new antitumor agents. The IC 50 values of the compounds synthesized by the present study were mainly at a level of micromolar concentration, and among them, YS206 and YS306 were selected for further analysis. Compared with the anticancer drug paclitaxel, these two compounds exhibited potential growth inhibition effects on HepG2, HCT116 and HT29 cells with relatively low toxicity on normal cells. For compound YS306, the average inhibition rate for HepG2 cells was higher than for LO2 human normal liver cells, by 1.6-fold, suggesting that YS306 may have specificity in inhibiting liver cancer cell growth. In addition, YS306 exhibited greater anti-proliferation effects on HepG2 liver cancer cells compared with HCT116 and HT29 colon cancer cells. It was noticed that the only difference between compounds S306 and S206 is one ethoxyethyl at the 1' position ( Fig. 1) , which may contribute to the difference in cell preference of these two chemical molecules. Two other, similar compounds within these series, YS307 and YS207 were slightly inferior in solubility than YS306 and YS206, which leads to poor cell inhibition activity. In future studies, these PA compounds may be modified to improve their anticancer activity in vitro, and nude mouse xenografts may then be performed to explore their effects in suppressing cancer cell growth and metastasis in vivo.
Previous studies have indicated that PAs inhibit cell proliferation through many different mechanisms, including inhibition of protein and DNA synthesis, induction of cell apoptosis and suppression of dihydrofolate reductase activity (14) (15) (16) . Additional studies have demonstrated that PAs may also enhance cytotoxic effects and inhibit cell migration and metastasis of cancer cells (17, 18) . To investigate the cell biological effects induced by YS206 and YS306 treatment, cell cycle distribution, cell migration and cell apoptosis were analyzed in the three cancer cell lines aforementioned. HepG2, HCT116 and HT29 cells treated with YS206 or YS306 exhibited reduced proliferation, significant changes to the cell cycle and suppressed cell migration. The low concentration of 5 µg/ml YS206 and YS306 was able to induce cell cycle arrest at G2/M phase. Compared with normal cells, cancer cells are characteristically sufficient in stimulating their own growth, which results in abnormal proliferation through the dysregulation of their cycle progression and fission activities (19) . G1/S and G2/M are the most complex stages of the cell cycle, which are influenced by environmental conditions (20) . Therefore, the development of new drugs to suppress tumor growth should target these two cell stages.
Pinosylvin is a naturally occurring trans-stilbenoid that mainly occurs in Pinus species (21) , which has been revealed to regulate the cell cycle by through the cyclin-dependent kinase complex (20, 22) . The novel triterpenoid 25-methoxyhispidol, extracted from Poncirustrifoliata, was demonstrated to exhibit growth inhibition activity against cancer cells, with cell cycle arrested at G0/G1 phase (23) . Antofine is a naturally occurring PA found in Cynanchum paniculatum, from which some analogues and derivatives have also been reported to regulate the cell cycle at G0-G1 phase (24) . In the present study, 5 µg/ml YS306 and YS206 significantly induced cell cycle arrest at G2/M phase in HepG2, HCT116 and HT29 cells; cell distribution in G0/G1 and S phases were notably decreased compared with Control cells, and the effect was more significant than using 2 µg/ml YS306 and YS206. The present results are similar to a previous report on human colon cancer Col2 cells that were induced by another natural antofine that was isolated from Cynanchum paniculatum (25) . Moreover, vinblastine and vincristine, which are extracts from Catharanthusroseus, were demonstrated to affect the G2/M phase to inhibit microtubule assembly (26) .
In addition to acting on cell cycle, YS306 and YS206 significantly inhibited cell migration in HepG2, HCT116 and HT29 cells. Cell migration in vitro, or cell metastasis in vivo, is one of the fundamental features of malignant tumors, which is one primary cause of mortality in patients with cancer (27) . YS306 and YS206 may be promising compounds for targeting cancer cell metastasis; however, neither compound exhibited effects on cell apoptosis, as determined by flow cytometric analysis following 5 µg/ml YS306 or YS206 treatment in HepG2, HCT116 and HT29 cells. These results were similar to previous reports on the PA antofine and tylophorine (24, 28) , which demonstrated that the distribution of sub-G1 phase was not notably altered, and that cell growth inhibition of human lung cancer A549 cells by derivatives of antofine is not due to cell apoptosis.
Considering the chemical structures of YS306 and YS206, the biggest difference in their structure is the side chain compared with the classical PA antofine. In the present study, the lateral heterocyclic nitrogen was opened and the number of side element carbons were decreased at the same time, which brought about a change in polarity. Compounds with increased polarity have been indicated to possess good anticancer activity, and the methoxyl group in different positions of the phenanthrene ring may be another reason for anticancer abilities (29) (30) (31) . In addition, a previous report revealed that water solubility may be a limitation in clinical use (28) . In the present study, YS206 and YS306 had better water solubility than the other 10 PAs, which may be why the two compounds have more effective anti-cancer activity than other derivatives.
A number of previous studies have indicated that PAs may inhibit cancer cell proliferation through different molecular mechanisms, including inhibition of protein and DNA synthesis, suppression of dihydrofolate reductase and induction of apoptosis through the tumor necrosis factor α signaling pathway (14, 15, 23) . In conclusion, the mechanisms of anti-proliferation and inhibition of cell migration of YS306 and YS206 may be relative to the suppression of related protein synthesis and cell signal transduction pathways, which needs to be analyzed in detail in future studies.
